reviations used: CCA, common carotid artery; MCA middle cerebral artery; SHR, spontaneously hypertensive rats. 474 necessary to detect a 25 or 50% change in infarct volume with ex = 0.05 and f3 = 0.2 revealed that only the SHR model was practical in terms of requisite animals: i.e., <10 animals per group. Ta ndem occlusion of the distal MCA and ipsilateral CCA in the SHR strain provides a surgically simple method for causing large neocortical in farcts with reproducible topography and volume. The in teranimal variability in infarct volume that occurs even in the SHR strain dictates that randomized, concomitant controls are necessary in each study to ensure the accu rate assessment of experimental manipulations or phar macologic therapies. Key Words: Focal cerebral ischemia -Middle cerebral artery occlusion-Rat-Spontane ously hypertensive rat.
Summary: This article describes a 3-year experience with focal neocortical ischemia in three rat strains. Multiple groups of adult Wistar (n = 50), Fisher 344 (n = 31), and spontaneously hypertensive (n = 72) rats were subjected to permanent occlusion of the distal middle cerebral (MCA) and ipsilateral common carotid arteries (CCA). Twenty-four hours later the animals were killed, and frozen brain sections were stained with hematoxylin and eosin to demarcate infarcted tissue. The infarct volume for each section was quantified with an image analyzer, and the total infarct volume was calculated with an itera tive program that summed all interval volumes. Neocor tical infarct volume was the largest and most reproduc ible in the spontaneously hypertensive rats (SHR). Sta tistical power analysis to project the numbers of animals Reliable animal models of stroke are an indis pensable first step for investigating the pathogen esis and treatment of ischemic brain damage. Sev eral well-controlled and reproducible models of transient global brain ischemia in large (Goldstein et aI., 1966; Hossmann and Zimmerman, 1974; Ginsberg et aI., 1979) and small (Bubis et aI., 1976; Pulsinelli and Brierly, 1979; Smith et aI., 1984) an imals are available for the study of selective isch emic injury to neurons. In contrast, animal models of focal brain ischemia have confronted consider ably more difficulty in defining conditions that cause reproducible volumes of brain tissue infarc tion (Crowell et aI., 1981; Lawner et aI., 1981; Garcia and Kamijyo, 1974; Garcia, 1984) . Brain in jury produced after middle cerebral artery (MCA) occlusion in cats (Little, 1978; Hossmann and Schuier, 1980; Bose et aI., 1984; Paschen et aI., 1985) and primates (Watanabe et aI., 1977; Crowell et aI., 1981; Hayashi et aI., 1984) varies consider ably in size and distribution. Variability in infarct volume from animal to animal confounds the or derly study of pathophysiology, makes routine sampling of tissue for biochemical measurements difficult, and necessitates large numbers of animals to discern statistical significance in drug testing.
The laboratory rat, because of its size, low cost, and well-studied brain chemistry, is highly suited for stroke research. Several years ago we initiated efforts to produce focal brain infarction in the rat by surgical occlusion of the distal M CA alone. Con sistent with other reports (Coyle, 1982; Bederson et aI., 1986) , we found a low incidence of focal infarc tion and great variability in infarct volume (unpub lished data) in a normotensive rat strain (Wistar). Several studies have since described methods for increasing the incidence of focal cerebral infarction in rats (Coyle et aI., 1984; Coyle, 1986; Ta mura et aI., 1981a; Duverger et aI., 1985; Bederson et aI., 1986; Chen et aI., 1986 ); yet, the equally important issues of reproducibility of infarct volume has been discussed only by Osborne et al. (1987) , as far as we are aware.
This article describes our experience with focal cerebral ischemia in three rat strains (Wi star, Fisher 344, spontaneously hypertensive) produced by tandem occlusion of the distal middle cerebral artery and ipsilateral common carotid artery (CCA). Of the three strains examined, the sponta neously hypertensive rat (SHR) showed the largest and most reproducible neocortical infarcts with re gard to topography and volume. These data were compiled over 3 years and represent, to our knowl edge, the first study to examine the longitudinal variability of experimental focal brain infarction. These results include the variability brought to the model by the surgical skills of different individuals, as well as by differences in animals caused by breeding factors over time. Accordingly, we believe this study presents an accurate assessment of the variability of infarct volume that can be expected by others who adopt this surgical approach to focal brain ischemia in these three rat strains.
METHODS AND MATERIALS

Experimental groups
Experimental groups within each strain are identified chronologically in Ta ble I by their dates of surgery. The animals presented in Ta ble I include groups that served to standardize the model and animals used as controls in experimental drug studies (to be reported separately).
Factors that may influence infarct volume were moni tored in most groups. They included animal weight, anes thesia exposure, body temperature, blood pressure, he matocrit, blood glucose levels, and blood oxygen and carbon dioxide tensions.
Initially, a pilot group of Wistar rats (W2) was studied to test whether the MCA and CCA could be rapidly oc cluded with short anesthesia times. When it proved fea sible to complete the entire surgical procedure within 30 min, this "rapid tandem" method was adopted with full physiologic monitoring and was periodically repeated to compare infarct variability between different rat strains, animals of the same strain from different suppliers, dif- ferent shipments of animals from the same strain and sup plier, and different surgeons. Groups W3, W4, W7, W8, F9, FII, SHR13, SHRI4, SHR 17, and SHRI9 were identically handled and in cluded in the study specifically to assess the reproduci bility of infarct volume over time. These groups were tested when the surgical technique was being performed in a routine manner. Physiological variables were moni tored during the onset of ischemia and at 2 h after surgery in these groups.
Groups W5, W6, FlO, SHRI5, SHRI6, SHR18, and SHR20 served as vehicle controls in studies of a calcium channel blocker (J acewicz et aI., in preparation), a phos pholipase inhibitor, and an N-methyl-D-aspartate re ceptor antagonist (Tanabe et a!., in preparation). Animals in groups W5, W6, FlO, SHR15, and SHRI6 had pre viously implanted subcutaneous micro-osmotic pumps (Alzet Corporation) that delivered either 1 fJ,J/min of a 3% ethanol/polyethylene glycol 400 mixture (W5), 10 fLl/min of polyethylene glycol 400 (W6, FlO, and SHRI5) or 10 fLIImin of physiologic saline (SHR16) into the right ex ternal jugular or femoral vein. Vehicle delivery began 3 h before MCA/CCA occlusion. SHRI8 animals received I ml of 2% acacia by gastric gavage 4 h prior to MCA/CCA occlusion. SHR20 animals were injected (i.p.) with 0.2 ml of physiologic saline 30 min prior to MCA/CCA occlu sion,
To assess the effect of common carotid artery occlu sion in MCA/CCA-occluded SHR, the MCA alone was occluded in a group (n = 7) of rats not shown in Ta ble I. These SHR strain animals came from a single shipment of rats and were randomly assigned to either MCA occlu sion alone or to tandem occlusion of the MCA/CCA (SHRI9).
Surgical preparation
Male rats, 250-350 g, (Wi star, age 9-11 wk; Fisher 344, age 11-13 wk; SHR, age 12-16 wk) were fasted overnight with free access to water. Animals were anes thetized with 2.5% halothane in a mixture of 70% ni trogen/30% oxygen. Body temperature was maintained at 37.5 ± 0.5°C during surgery with a rectal thermistor con nected to a heating lamp. Ta il arteries were cannulated to monitor mean arterial pressure (Beckman R511 poly graph) and to provide serial measurements of arterial ox ygen, carbon dioxide tensions, pH (Corning 158 pHI blood gas analyzer), hematocrit, and blood glucose (Beckman glucose analyzer). After cannula insertion, in cisions were treated prior to closure with local anesthetic (1% xylocaine ointment, Deseret, Inc.).
Focal ischemia of the right neocortex was produced by occluding first the right common carotid artery and then the right middle cerebral artery just superior to the rhinal fissure ( Fig. 1 ). The ventral neck and the area behind the right eye were shaved and washed with povidone-iodine topical solution. The right CCA was dissected free of connective tissue through a midline cervical incision, and the vessel was permanently occluded with a 4-0 silk liga ture. A l-cm incision, perpendicular to and bisecting a line between the lateral canthus of the right eye and the external auditory canal, was made to expose the tem poralis muscle, which was retracted and partly excised. Under direct visualization with a dissecting microscope (Zeiss) the right MCA was exposed through a 2-mm burr hole drilled 2-3 mm rostral to the fusion of the zygomatic arch with the squamosal bone (Coyle, 1982) . Drilling was done under a continuous drip of 0.9% saline to prevent heat injury of the underlying cerebral cortex. The dura was cut and retracted to expose the MCA. The tip of a 20 gauge silver wire, bent at 90° to form a hook, was inserted under the MCA just superior to the inferior cortical vein, using a MM-3 micromanipulator (Narishige Instruments, Tokyo). The MCA was raised 0.5-1 mm above the cor tical surface with the micromanipulator, and an electro cautery tip (Geiger, Philadelphia, PA, U.S.A.) was ap plied to the silver wire hook just above the vessel. Heat transferred through the silver wire quickly cauterized and severed the MCA with minimal thermal trauma to the un derlying cortex. After March 1986, an 80-fLm diameter stainless steel wire hook replaced the silver wire. This smaller, more rigid hook facilitated MCA manipulation and permitted a cleaner cauterization. The skin incision was covered with topical anesthetic ointment and sutured closed. Tail artery cannulation required 15 min, and tandem MCAICCA occlusion surgery required 30 min.
FIG. 1. Site of middle cerebral artery occlusion (MeA). The white marker shows the location of MeA occlusion, which is just superior to the rhinal fissure. The MeA cortical tree was injected with carbon black to outline the major arteries.
Animals were then returned to their cages and given ac cess to water.
Infarct analysis
Twenty-four hours after tandem MCAICCA occlusion, the animals were anesthetized and decapitated. Their brains were quickly dissected from the skull and frozen in Freon-12 over dry ice. Coronal sections, 20 fLm thick, were cut at 400-fLm intervals in a cryostat at -25°C, dried on a hot plate at 60°C, fixed in 90% ethanol for 10 min, and stained with hematoxylin and eosin.
. Infarcted brain, which stained pale pink, was readily detected and digitized by a Quantimet 920 image analyzer (Cambridge Instrument Co.). The infarct area (mm3) of each section was measured, and the total infarct volume was calculated by a computer program that summed all sectional area mUltiplied by the interval thickness (400 fLm). Although infarction involved a narrow crescent of neostriatum in some animals (see below), only neocor tical infarction was measured.
Blood flow measurements
To characterize the topography and degree of ischemia achieved by MCAICCA occlusion, blood flow studies were performed 3 h after the onset of focal ischemia in halothane-anesthetized, mechanically ventilated Wistar rats and in awake SHR. Cerebral blood flow was mea sured with an indicator-fractionation technique (Van Ui tert and Levy, 1978) using 4-iodo-[N-methyl-14C] anti pyrine (54.5 mCi/mmol; New England Nuclear) as the blood flow tracer. Iodo-[14C] antipyrine was injected as a bolus (30 fLCi in 0.4 ml of normal saline) into the jugular vein cannula while tail artery blood was withdrawn into a syringe with a Harvard pump. The animals were decapi tated 5 s after isotope injection, and simultaneously the tail artery cannula was cut. The short circulation time minimizes any back flux error that may occur with this technique (Patlak et aI., 1984) . Brains were rapidly re moved and frozen in Freon-12 over dry ice. Coronal brain sections (20 fLm thick) were cut serially at -25°C, mounted on glass cover slips, and exposed to Kodak SB-5 film for 9 days.
Aliquots (25 fL\) of the withdrawn blood were dissolved in 0.5 ml of Protosol (New England Nuclear), 10 ml of To luene-Omnifluor (New England Nuclear) was added, and the samples were counted in a Searle Mark III scin tillation counter.
The optical densities of the developed autoradiographs were measured in selected brain regions using a Quan timet 920 image analyzer. Comparison with 14C-methyl methacrylate standards (New England Nuclear) exposed along with the brain sections permitted quantitative mea surement of 14C content in the sections. The equation of Van Uitert and Levy (1978) was used to compute regional cerebral blood flow (ml/l00 gm tissue/min).
Behavioral examination
Animals were observed for their level of activity, grooming, and drinking behavior following surgery. At 24 h after MCAICCA occlusion, the animals' movements were observed for asymmetry, and limb weakness was tested by their ability to resist efforts to roll them over on one side or the other.
Statistical analysis
The Student's t test (two-tailed) for unpaired data was used for analyzing cerebral blood flow values and for a comparison of infarct volume in the MCA versus MCAI CCA occluded rats.
Power analysis of the sample sizes required to detect changes of 25 and 50% in infarct volumes in representa tive groups from the Wistar, Fisher 344, and SHR strains was performed as described by Cohen (1977) . These values were calculated for a power of 80% and with a significance level of 5%. All values were obtained from standard sample size power analysis tables (Cohen, 1977) .
RESULTS
Physiologic variables
Physiologic data for representative groups of spontaneously breathing animals during surgical occlusion of the MCA/CCA and 2 h post MCA/ CCA occlusion are presented in Ta ble 2. Mean blood pressure was depressed by surgical anes thesia but quickly recovered upon cessation of an esthesia. All animals developed mild hypercarbia and respiratory acidosis during MCA/CCA occlu sion secondary to surgical anesthesia. The PaCo2 recovered to preoperative levels (35-42 torr) within 30 min after surgery (data not shown), but pH re quired 2 h to normalize. Blood glucose values aver aged 119 ± 3.5 mg/dl for all groups tested and re mained below 150 mg/dl at 24 h (data not shown). Physiologic data for separate groups of Wistar and SHR strains in which cerebral blood flows were measured 3 h after MCA/CCA occlusion are pre sented in Ta ble 3.
Behavioral status
Two hours after surgery, the rats were alert, moved about their cages, and were able to groom themselves. Animals were able to eat and drink within 6 h but were permitted access only to water. Prior to being killed (24 h), animals were placed on the floor and observed while resting and walking. Approximately 50% of the SHR animals exhibited abnormalities, which included mild asymmetry in righting behavior when gently pushed onto their left but not their right sides. An occasional animal in the SHR strain displayed circling toward a mildly hemiparetic left side. The remainder of the animals walked normally. Since the majority of the animals in the SHR strain had moderate to large-sized in farcts (see below), there was a poor correlation be tween behavioral signs and neocortical infarct volume.
Operative mortality
Five percent of the animals were excluded from further study when they experienced excessive bleeding from the MCA intraoperatively. Postoper atively there was no mortality.
Infarct volume
Infarcted cortex appeared pale and was well de marcated on frozen sections stained with hematox ylip and eosin (Figs. 2 and 3A) . Tissue within the margins of the infarct showed pannecrosis when examined with the light microscope. Infarct borders exhibited a thin rim (�1 mm) of ischemic injury to neurons; frozen sections precluded quan titative analysis of this injury.
Small, subcortical infarcts were present in the dorsolateral caudate-putamen complex in 67% of SHR animals. The average volume of these infarcts for the combined groups SHR13 and SHR17 was 4.4 ± 1.0 mm3• The incidence and size of these subcortical lesions did not correlate with the ex tent of cortical damage. An additional small area of damage at the site of MCA manipulation was fre quently obscured by confluent ischemic infarction. However, sham manipulation of the MCA in the Wistar (WI) and the SHR (SHRI2) strain animals caused damage in this area, measuring 5 ± 4 and 3 ± 1. 0 mm3, respectively (Table O. Cortical infarct volumes for the Wi star and F344 strain were, on average, smaller and showed mark edly greater variability within the same shipment and between shipments of rats compared with an imals in the SHR strain (Table O . Mean infarct volumes for Wistar animals ranged from 48 to 209 mm3, with standard errors that were consistently larger than those in the SHR groups despite similar sample sizes. Figure 2 shows representative ex; amples of small «60 mm3) and moderate (60-120 mm3) infarcts that occurred in the Wi star strain. Several groups within the Wistar and Fisher strains had animals with neocortical damage limited to that produced by MCA manipulation, i. e., tissue damage at the site of MCA occlusion that measured <5 mm3• This degree of variability within the Wistar and F344 rats occurred despite the fact that they originated from the same breeding stock (Hilltop Farms) and were operated on by the same individual (S. B. ).
The range of mean cortical infarct volumes for the SHR strain was 157-259. Over 90% of the an imals in the SHR group had moderate or large (> 120 mm3) infarcts (Fig. 3) , and the remaining an imals «10%) had small infarcts.
Infarct volume in a group (n = 7) of the SHR strain subjected to occlusion of the distal MCA alone was 162 ± 18 mm3. This was significantly (p < 0. 004) less than the volume measured in a con current group (SHR19, Ta ble 1) of rats subjected to tandem MCA/CCA occlusion (243 ± 14 mm3).
Measurements of infarct volume included the ef fects of swelling from brain edema and hence are an overestimate of the true volume of cortical damage. Such swelling is evident if one compares the thick ness of ischemic (right) with that of nonischemic J Cereb Blood Flow Metab. Vol. 8, No, 4, 1988 (left) neocortex in Fig. 3A . In an attempt to par tially characterize the infarct volume secondary to edema, we subtracted the volume of the identical area of normal, contralateral neocortex from the in farcted neocortex in 6 SHR (SHR 17) brains. Iden tical areas of the contralateral, normal neocortex were located by making measurements from mid line structures to the cortical infarct rim and then translating these measurements to the normal neo cortex on the same section. Brain edema added 22 ± 4% to the infarct volume.
Cerebral blood flow
Regional blood flow was measured in five an imals of the Wi star and SHR straining at 3 h after the onset of focal ischemia. A representative auto radiograph of six coronal sections showing CBF in the SHR strain is presented in Fig. 3B . Quantitative local CBF values for the SHR and Wi star strains are presented in Figs. 4 and 5, respectively.
A graded reduction of CBF was evident in the MCA neocortex of both rat strains. The severity of ischemia was greatest in a central core of neocortex and gradually lessened towards more rostral and caudal neocortex as well as towards more superfi cial neocortex. Subcortical structures of the right hemisphere showed mild flow reductions except in the dorsolateral striatum, where CBF was slightly increased in some animals of the SHR strain. None of the blood flow changes in subcortical structures were significantly different from those in the nonis chemic hemisphere.
DISCUSSION
Extensive collateralization of cerebral blood vessels in most rat strains provides ample protec tion for brain when a single major cerebral vessel is occluded distally. Occlusion of the MCA near the rhinal fissure, several millimeters distal to its origin from the circle of Willis, rarely causes infarction in immature (Coyle, 1982) or adult (Bederson et aI. , 1986) dicate that combined occlusion of the distal middle cerebral artery and the ipsilateral common carotid artery in the rat will cause larger neocortical in farcts than MCA occlusion alone. However, of the three rat strains tested, only the SHR developed neocortical infarcts in 100% of the animals with a topography and volume sufficiently reproducible to be used for routine studies of the pathogenesis and treatment of ischemic brain injury.
Technical aspects of the model
At the onset of this study, ligation of the MCA with 10-0 silk was found to be technically difficult and to cause traumatic neocortical lesions (7. 7 ± 6.7 mm3; n = 3) that were larger than those achieved with the final method for MCA cauteriza tion described in this study. Cauterization of the MCA with a wire hook and micromanipulator not only allowed for a less traumatic procedure but also provided a method for reversible occlusion of the MCA in the rat (Brint et aI., in preparation) .
Preparation of the brains for histological analysis of infarct volume raises the possibility of tissue shrinkage. Perfusion of brain with organic fixatives, extended exposure to organic solvents for tissue dehydration, and the application of heat during par rafin embedding all cause considerable tissue shrinkage (Diemer, 1982) . The degree of shrinkage is partly dependent upon brain water content that varies within and around an infarct. To minimize the variability introduced by "shrinkage" artifact and to obtain a more accurate measure of in vivo infarct volume, we used frozen brain sections. He matoxylin and eosin staining of the frozen-dried sections that are then briefly fixed in ethanol is simple and quick, and results in well-demarcated infarct borders that are readily detected by image analysis systems.
Computerized image analysis provides an accu rate and rapid method for measuring cerebral in farct volume, provided that sufficient coronal sec tions are sampled to reflect the true topography of the lesion (Graham et aI., 1985; Osborne et aI., 1987) . Studies of focal infarction in the rat that se lected specific sections for infarct analysis (Du verger et aI., 1985; Bederson et aI., 1986) , analyzed only the section with maximal infarct area (Chen et al., 1986) , or measured only the surface area of cor tical infarction (Coyle et aI., 1984; Chen et aI., 1986) may have incompletely characterized the le sion and thereby underestimated the true variability of injury. The relatively narrow interval (400 J.1m) between tissue sections employed in our study should provide infarct volumes that closely approx imate the true volume of injured tissue plus that volume added by edema (see below).
The occurrence of basal ganglia damage in the tandem MCAICCA occlusion model was highly variable, being present in approximately two-thirds of the animals. Such injury was localized primarily to a narrow crescent in the most dorsal-lateral por tion of the striatum and represented <2% of the cortical infarct volume in the average SHR. The extent of damage was minor compared with that obtained by proximal occlusion of the MCA (Graham et aI., 1985; Mohamed et aI., 1985; Gotoh et aI., 1986) , which directly compromises blood flow in the lenticulostriate branches. The fact that blood flow to the ipsilateral striatum measured at 3 h post MCAICCA occlusion in the SHR strain was normal (Fig. 4) suggests that ischemia in the dorsal lateral striatum develops late. A late or delayed re duction of blood flow in this region may be caused by late-developing vasospasm, propagation of ret rograde thrombus to occlude the lenticulostriate vessels, or neocortical swelling that causes local compression ischemia. Because of the variable in cidence of striatal injury in this model, its relatively small size compared to the neocortical infarct, and its indirect relationship to MCA/CCA occlusion, damage to this region was not included in the mea surement of infarct volume.
Brain edema
The true volume of neocortical infarction is dis torted by brain edema and swelling. The accurate assessment of this edema-related volume has im portant implications for studies of new stroke ther apies, because any drug-related reduction in infarct volume may reflect decreased edema rather than decreased tissue injury. By subtracting the volume of the identical area of normal, contralateral neo cortex from the volume of infarcted neocortex, we estimate that �20% of infarct volume is due to brain edema. Although the latter method yields an accurate estimate of infarct volume devoid of edema, it is cumbersome and time-consuming. Fu ture efforts to develop a simpler method to correct for brain swelling must consider that edema and swelling vary within and around different regions of the infarct (Marmarou et aI., 1980) and must there fore correct for such variation.
Regional cerebral blood flow
Cerebral blood flow measurements (Fig. 4) in the SHR strain 3 h after tandem occlusion of the MCAI CCA revealed that severe ischemia was limited to the MCA distribution of neocortex. Maximum CBF reduction within the core of the ischemic territory in the SHR strain (19 ± 4 to 29 ± 6 mlllOO g/min) J Cereb Blood Flow Metab, Vol. 8, No.4, 1988 was similar to that found after 30 min of proximal MCA occlusion in Sprague-Dawley rats (24 ± 4 mllIOO g/min) by Tamura et al. (1981b) . The topog raphy of blood flow reduction within the MCA neo cortex often exhibited definite, but relatively gradual transitions (> 2-3 mm) from the lowest flows in the central zone of the MCA territory to slightly higher flows in the more peripheral regions of the MCA distribution. The border regions be tween the ischemic MCA territory and more normal blood flow in the paramedian and inferior neocortex showed sharper transition zones (0.5-2 mm).
Blood flow to the ischemic MCA territory of Wi star rats was less severely reduced than in the SHR strain (compare Fig. 4 with Fig. 5 ). The milder ischemia in the Wi star strain may partially explain the greater variability in infarct volume observed in these rats compared with the SHR strain. The lower blood flow values recorded for the non ischemic hemisphere in the Wistar animals com pared with the SHR strain was probably caused by the effects of halothane anesthesia in the Wi star rats.
Comparison of the topography of neocortical in farction in the SHR strain at 24 h (Fig. 3A) with CBF measurements in this same strain at 3 h (Figs. 3B and 4) following MCAICCA occlusion suggests that blood flows in the range of 20-35 mlllOO g/min are capable of causing tissue infarction. These values are quite similar to those reported by Tyson et al. (1984) , who correlated CBF and infarct distri bution in Sprague-Dawley rats subjected to 4 h of proximal MCA occlusion. Results from Tyson et al. (1984) and our study support the suggestion by Ta mura et al. (1981 b) that cerebral infarction in rats occurs at a blood flow threshold considerably higher than that previously reported for monkeys (Morowetz et aI., 1978; Jones et aI., 1981) .
Sources of infarct variability
The principal goal of this study was to identify a set of conditions that would cause focal cerebral in farction with little variability in its distribution and volume. We believe that idiosyncracies in operator technique contribute little to such variability, be cause surgery on the great majority of these an imals was performed by a single individual. Despite our careful attention to such variables as animal weight, mean arterial pressure, arterial oxygena tion, hematocrit, blood sugar, body temperature, and the type and degree of anesthesia, it soon be came clear that some uncontrolled variable con tinued to cause considerable fluctuation in infarct volume. It was not possible to identify the factors responsible for the great variability observed in the Wistar and F344 strain, nor do we have an explana tion for the greater susceptibility and reproduc ibility of focal infarction in the SHR strain. One likely explanation for both observations is a differ ence in the density of collateral circulation between animals and between different strains of rats. Sev eral reports (Coyle et aI., 1984) demonstrate less extensive collateral vessels between the anterior cerebral artery and middle cerebral artery in the SHR strain compared with other rat strains.
Comparisons of the reproducibility of infarct dis tribution and volume using tandem occlusions of the distal MCAICCA in the SHR strain with occlu sion of the proximal MCA alone (Tamura et aI., 1981a) or in combination with both common carotid arteries (Chen et aI., 1986) in normotensive rats is difficult because data for multiple groups of animals over extended periods of time are unavailable for the latter models. Nevertheless, review of the available data on proximal occlusion of the MCA in normotensive rats suggests that this method will yield reproducbile infarction of the neostriatum provided that care is taken to simultaneously oc clude the ipsilateral lenticulostriate blood vessels (Shigeno et aI., 1985; Bederson et aI., 1986) . Occlu sion of the lenticulostriate arteries, combined with proximal occlusion of the MCA, appears to be a slight modification of the original method described by Tamura et a1. (1981a) in which the MCA was oc cluded "between" the cortical branch to the rhinal cortex and the lateral striate arteries.
The variability of neocortical infarct volume with proximal occlusion of the MCA and lenticulostriate arteries is greater than that for striatal infarction in the same model (Shigeno et aI., 1985; Bederson et aI., 1986) . Shigeno et a1. (1985) , using this model, reported "considerable interanimal variability in the presence of ischemic damage to the cortex to such an extent that three animals (12%) out of 25 ... did not have detectable cortical involvement." Additional data from three groups of control an imals subjected to occlusion of the proximal MCA and lenticulostriate arteries (Graham et aI., 1985; Mohamed et aI., 1985; Gotoh et aI., 1986; Osborne et aI., 1987) reveal that neocortical infarct volume varied from 50 ± 4 mm3 (Graham et aI., 1985; Os borne et aI., 1987) in normal control rats to 26 ± 6 mm3 (Graham et aI., 1985; Mohamed et aI., 1985) and 29 ± 10 mm3 (Graham et aI., 1985; Gotoh et a!., 1986) in vehicle-treated groups of rats that served as controls for nimodipine trials. Osborne et a1. (1987) suggest that such variability in cortical in farct volume reflects differences in surgical tech nique; we would argue that it is equally likely to reflect differences in the groups of animals. In sum mary, we conclude that proximal occlusion of the MCA and of the ipsilateral lenticulostriate artery in normotensive rats provides a reliable model for causing reproducible infarction in neostriatum but a small, more variable infarct of neocortex. In con trast, tandem occlusion of the distal MCA and ipsi lateral common carotid artery in SHR causes little injury to the neostriatum but produces a large re producible infarct of the neocortex.
Projection of sample size
An important measure of the practicality of any stroke model is the number of animals necessary to detect significant differences between control and experimental groups. Through the use of power analysis (Cohen, 1977) , it is possible to estimate the numbers of animals necessary to avoid a Type 2 error for preselected differences in infarct volume between control and experimental groups. Results of such a power analysis using representative ex amples of the three rat strains (Table 4) revealed that MCAICCA occlusion in the SHR strain offers a practical model in terms of requisite animals.
Concluding remarks
No single experimental model of focal brain isch emia, whether in rodents or subhuman primates, is ideal for answering all questions regarding focal stroke. Methods using surgical or mechanical oc clusion of cerebral vessels are not well suited for the study of cerebral thrombosis or platelet emboli, whereas embolic models, with their inherent vari ability in the onset, distribution, or permanence of focal ischemia, are ill suited for the systematic study of molecular mechanisms of ischemic brain injury. Within this framework, tandem occlusion of the MCAICCA in the SHR offers a reliable method Cohen , 1977. b 80% power at the 0.05 level of significance (13 = 0.2; a = 0.05).
e More than sufficient number; standard tables end here.
for producing neocortical infarction with reproduc ible topography and volume. Moreover, since this particular rat strain develops spontaneous hyper tension, it may more closely mimic the conditions of focal stroke in the clinical population, where hy pertension is the single most important risk factor (Kannel et aI., 1970; Dyken and Wolf, 1974) .
This 3-year experience with focal ischemia in the rat has highlighted the difficulties of focal brain ischemia models and provided some solutions. The caveats are that models of focal stroke display con siderable interanimal variability that can be suc cessfully overcome only by careful attention to many experimental variables and thoughtful statis tical design. The use of historical controls for drug treatment trials in studies of focal stroke in animals should be rejected as statistically unsound. Ran domization of animals to control and treatment groups is as important in experimental studies of focal stroke as it is in clinical trials of pharmaco logic intervention in stroke.
